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Muteins of interleukin 4 showing low-affinitv and short-term interaction wi 
the common y chain 

Hematopoietic cytokines generate a transmembrane signal by promoting the dimerisa- 
tion of two receptor chains (see Heldin, 1995). The small helical cytokines (see 
Rozwarski et al., 1994) usually employ receptors with two different receptor chains 
and upon ligation a heterodimer is formed. One of the receptor chains determines the 
specificity in cytokine binding by providing a high- or intermediate-affinity binding 
site. The second chain often has no measurable intrinsic affinity itself, but in certain 
systems can confer high affinity binding to the receptor heterodimer. The second chain 
is usually promiscuous and serves as a common chain in different receptor systems as 
in the B c or y c families of cytokine receptors (see Sugamura et al., 1995). The affinity, 
kinetics and specificity of common chain binding are poorly understood. 

The heterodimeric IL-4 receptor system (see Duschl and Sebald, 1996) contains an a 
chain which determines the specific high-affinity binding of the EL-4 ligand (Kruse et 
al., 1993). It uses y c as the second chain in common with the receptor systems for IL- 
2. IL-7, IL-9, and IL-15 (see Sugamura et al., 1995; Leonard, 1994). An inherited 
loss in the common y chain leads to a severe combined immunodeficiency (XSCID) 
both in humans or mice in accordance with the essential function of y c in the signaling 
of several cytokines. Monoclonal antibodies to y c block the activity of IL-4 as well as 
that of the other cytokines of the y c family (see Sugamura et al., 1996). The signaling 
capacity of the IL-4 receptor is located mainly on the large cytoplasmic part of the a 
chain. The short 86-residue cytoplasmic tail of y c has been demonstrated to anchor the 
Jak 3 tyrosine kinase (see Ihle et al., 1995), which together with y c is essential for IL- 
4 dependent signaling. 

Neither IL-4 nor any other cytokine up to now could be demonstrated to bind directly 
to Y e in the absence of the a chain (see Sugamura et al., 1995). The significance of this 
observation is uncertain, however, since in whole cells containing both the a and the y c 
chain a physical interaction of IL-4 and y c could be established by chemical c 
linking experiments. Furthermore, antagonistic IL-4 variants mutated at certain 



cross- 
resi- 



dues on helix D. (Duschl, 1995) were no longer cross-linked with Y c , supporting the 
previous conclusion that these antagonistic variants map at an IL-4 site interacting 
with the second receptor chain y £ ( Kruse et al.. 1993). An IL-4 dependent associa- 
tion between y c and the a chain was indicated by immunoprecipitation experiments 
employing y e specific monoclonal antibodies. Originally, the IL-2 dependent associa- 
tion of yc with the 11-2 receptor a and b chains has been exploited by Sugamura and 
cow. for the identification and cloning of y c Takeshita et al., 1992;). Direct evidence 
for the formation of an complex between IL-4 and the extracellular binding domains 
of the a and y= chain was obtained by gel filtration experiments employing the recom- 
binant soluble receptor domains (Hoffman et al., 1997). A ternary complex with a 
1.1:1 stoichiometry between IL-4, IL4-BP and gamex was reported. A rough estimate 
yielded a K, in the uM range for the interaction between gamex and the IL-4/IL4-BP 
complex. 

In the IL-4 receptor system the y c chain has only a marginal effect on the IL-4 binding 
affinity to the whole complex. Cells expressing a functional IL-4 receptor with both 
the a and the y c chain exhibited an only 3 to Sfbld higher affinity for IL-4 compared to 
cells expressing the a chain alone. A similarly small contribution of y c to ligand binding 
in whole cells has been established for the heterodimeric IL-7 and IL-9 receptor sys- 
tems (see Sugamura et al., 1995). A complicated pattern emerged from binding stud- 
ies with the heterotrimeric IL-2 receptor system. The human IL-2 receptor 13 or y c 
chain alone showed no affinity (Kd > 0,1 - 1 uM) for the IL-2 ligand. The 13 chain 
increased, however, the IL-2 affinity of the a chain from a K, of 10 nM to a K, of 
100 P M (lOOfold), and the y c chain increased the IL-2 affinity of an 11-2 receptor a / (3 
complex in fibroblastoid cells a further lOfold (see Sugamura et al., 1995). 

The specific high-affinity interaction between IL-4 and the extracellular part of the a 
chain (IL4-BP) has a K, of 150 P M ( Kruse et al., 1993; Shen et al., 1996). This bi- 
nary complex associates rapidly (* on = 1,5 x 10 7 M"' s" 1 ), because its formation ,s fa- 
cilitated by electrostatic steering. The IL-4/IL4-BP complex has a long half life (t„ = 
350 sec). This is in the same time range as the internalisation of the receptor-bound 
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IL-4 in whole cells. On the IL-4 side this interaction is determined by a functional 
epitope constituted of a mixed charge pair (E9, R88), three polar (T13, R53, N89) 
and two hydrophobic (15, W91) amino acid side chains located on helix A and C ( 
Wang et al., 1997). 

5 

Residues of the y c -binding epitope were tentatively located on IL-4 helix D. Substitu- 
tions of R121, Y124, and S125 by aspartate yielded IL-4 variants with partial ago- 
nist/antagonist activity, while retaining high-affinity binding to the a chain ( Kruse et 
al., 1992; Kruse et al., 1993). A perfect antagonist was created by introducing two 
10 aspartate residues at positions 121 and 124 ( Tony et al., 1994). The antagonistic ef- 
fect of these substitutions, however, seemed to result more from a mismatch with y c 
rather then from the loss of binding side chains (Muller et al., 1994). Thus, the iden- 
tity of the y c -binding residues of IL-4 remained uncertain. 

15 A sequential 2-step mechanism has been proposed for the activation of the IL-4 re- 
ceptor (Kruse et al., 1993) and for several other cytokine receptor systems (see Wells, 
1994), in order to accommodate the different affinities of the cytokine for the two 
receptor chains and to explain the existence of high-affinity antagonists. As shown in 
the present communication, IL-4 has an at least 10 4 -fold lower affinity for the extra- 

20 cellular part of y c (gamex) than for that of the a chain (IL4-BP). This offered the 
unique experimental possibility to assemble stepwise the ternary receptor complex on 
a biosensor matrix, and to analyse the physical binding of gamex to a preformed IL- 
4/IL4-BP complex. In this way the energetics and the kinetics of this interaction could 
be determined. Employing a collection of IL-4 variants carrying alanine substitutions 

25 of residues at helices D and A, the contributions of individual side chains to Yc- 
binding, i.e. the functional epitope for Yc interaction, could be determined. The physi- 
cal binding data were compared with the biological activity of alanine variants affected 
in the functional binding epitope. 

30 The present results support the view that a stable IL-4/a chain complex becomes acti- 
vated and signaling is induced by a short-term and low-affinity interaction with the 
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common y c chain. Because low-affinity interactions as well as a 2-step activation 
mechanism have been described for other cytokine and growth factor receptor sys- 
tems (see e.g. Wells, 1994) a mechanism governed by high and low affinity interac- 
tions with two receptor chains might apply to them as well. The identification of the 
5 functional residues in site 2 of human 11-4 provides the basis for the construction of 
further IL-4 antagonists. 

1. Formation of a ternary complex between gam ex and IL-4/IL4-BP 

10 IL-4 induces the formation of a heterodimeric receptor in two steps. First, site 

1 of EL-4 associates with IL4-BP, the extracellular domain of the receptor a 
chain. In a second step gamex, the extracellular domain of the common y 
chain, binds to the EL-4/IL4-BP complex. Site 2 of IL-4 is involved in this in- 
teraction. The formation and decay of the ternary complex by association and 

1 5 dissociation of gamex can be analysed on a biosensor in real time. 

The recombinant DL4-BP had been immobilized at a streptavidin-coated matrix 
by means of a C-terminal biotin label. Perfusion with high concentration of IL- 
4 saturated the binding protein. When IL-4 perfusion was continued together 

20 with a recombinant extracellular domain of y c (gamex), a concentration-de- 

pendent association of gamex was obsereved.The bound gamex dissociated 
rapidly when the complex was perfused with buffer alone. The dissociation of 
IL-4 was slow under these conditions, as determined in parallel experiments in 
the absence of gamex. The binding of gamex to the IL-4/IL4-BP complex was 

25 specific, since a flow cell with streptavidin-coated matrix alone, which was 

perfused in series, did not measurably interact with gamex under the applied 
conditions. 

From the kinetically controlled phase of gamex association a rate constant k on 
30 = 3,2 x 10 4 M' 1 s" 1 was calculated on the basis of a 1:1 interaction model 

(Table 1, bottom line). The exponential decay of the complex had a rate con- 
stant koff = 0,1 1 s" 1 . From these data, a dissociation constant Kj = 3,4 was 




calculated. A similar K d of 2,8 \iM was obtained when the equilibrium binding 
at different gamex concentrations was evaluated (Table 2). The highest con- 
centration of gamex applied during these experiments was 30 jiM, correspond- 
ing to 1 mg protein per ml. At higher concentrations unspecific binding to the 
5 streptavidin matrix increasingly resulted in low signal to noise ratios. 

The established kinetic and equilibrium constants for gamex interaction in the 
ternary complex differed largely from the corresponding constants of the inter- 
action between IL-4 and IL4-BP (K* = 1,5 x 10" 10 M). A half life t xa = 8 s for 
1 0 the dissociation of gamex contrasts with a \\n = 400 s for the decay of the IL- 

4/IL4-BP complex. The association rate constant for gamex was nearly three 
orders of magnitude lower than that for IL4-BP and EL-4 (k™ = 1,5 x 10 7 M" 1 



1 5 Gamex binding to EL-4/IL4-BP was remarkably insensitive to changes in ionic 

strength, pH and temperature. It was not measurably altered when salt con- 
centration was varied between 50 mM and 1 M NaCl. Kinetics and equilibrium 
binding were similar at pH values between 6,2 and 8,5. Temperature changes 
from 6 °C to 37 °C had no influence on gamex interaction with IL-4/IL4-BP 

20 (data not shown). 
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2. Formation of a binary complex between gamex and IL-4. 

Gamex did not measurably bind to immobilised IL4-BP in the absence of IL-4. 
Even at 30 |iM gamex concentration in the perfusate, background levels of 
5 interaction were observed, i.e. less than 1% of the binding in the presence of 

IL-4. It can be therefore estimated, that if this binary interaction exists at all 
the dissociation constant would be larger than 3 mM. 

For the analysis of the interaction of gamex with EL-4, a variant IL-4/cys was 
1 0 constructed allowing the immobilisation of EL-4 via a short C-terminal exten- 

sion containing a single cysteine (see Methods). Gamex bound to IL-4/cys in 
the absence of EL4-BP. Scatchard analysis of equilibrium binding yielded for 
this binary interaction a of 150 |iM corresponding to a free energy of bind- 
ins dG = 5,2 kcal mof 1 . The kinetic constants could not be evaluated since the 
15 binding levels were low in relation to the bulk effects blurring the kinetic 

phases of the sensograms. 

When the immobilized EL-4/cys was first saturated with IL4-BP and the resul- 
tant complex was then perfused with gamex (in the presence of IL4-BP) an 

20 equilibrium binding with a IQ of 4 +/- 1 \xM was observed. This is the same 

value as that obtained during the experiments described in the previous para- 
graph were immobilized EL4-BP was employed. The affinity of gamex for IL-4 
alone was accordingly about 40fold weaker than that for the IL-4/IL4-BP 
complex. This ratio corresponds to a difference in standard free binding energy 

25 ddG = 2,2 kcal mol'V The result of this calculation strongly suggests that the 

main part of gamex binding affinity in the ternary complex originated from the 
interaction with IL-4 (dG = 5,2 kcal mol" 1 ). 

3. The gamex binding epitope of IL-4 

30 

The contribution of individual amino acid side chains to gamex binding was 
studied by an alanine scanning mutational approach. Surface residues on IL-4 
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helices D and A were singly substituted by alanine and the gamex binding 
properties of the resulting alanine variants were analysed by the biosensor 
techniques described above. All IL-4 variants analysed in this study (see Ta- 
bles 1 and 2) exhibited a largely unaltered binding to IL4-BP. 

The measured kinetic constants for interaction of gamex with the complex 
between IL4-BP and the individual IL-4 variants are compiled in Table 1. In 
the presence of all IL-4 variants similar association rates were observed. The 
k on values varied between 1,7 and 3,8 x lCf 4 M' 1 s' 1 . Most of the variants 
showed also unaltered dissociation rate constants, k o/r , similar to that of the 
wild type IL-4. An only 2 to 3-fold faster ^occurred in alanine variants af- 
fected at positions R121, E122, and S125. Five variants, however, exhibited a 
more than 4-fold increase in the rate constant for the dissociation of gamex 
from the ternary complex. Residue Y124 has been postulated before to be a 
main determinant for gamex binding (Kruse et al., 1992). Now in addition 
contributions of L7, II 1, N15 and K123 to this interaction were detected. The 
k ojT for IL-4 variant N15A could be evaluated, whereas the Rvalues for IL-4 
variants L7A, II 1 A and Y 124 A were larger than 0,5 s\ The latter could not 
be reliably determined, since the resolution is limited by the data collection rate 
of the BIA2000 system (2,5 Hz). Variant K123A showed the strongest defect. 
It was unable to promote gamex binding even at the highest gamex concentra- 
tion of 30uM. 

The dissociation constants *w for the dissociation of gamex from the ternary 
complex were evaluated from the concentration dependence of the equilibrium 
binding. The K d values were between 15 and 220 uM when IL-4 variants 
N15A, L7A, II 1 A, and Y 124 A were employed (Table 2). The K d of IL-4 vari- 
ant K123A was too high to allow gamex binding up to a concentration of 30 
uM. Thus, only a lower limit of about 300 uM can be estimated for the K t , of 
this variant. The K d values of several other alanine variants mutated at 11-4 he- 
lix D (E114A, K117A, T118A, R121A, E122A, and S125A) were found to 
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be increased two- to threefold compared to the K<, of IL-4. An only twofold 
increase in K<j occurred also in variant K12S. 



In summary, a defined value for the kinetic constants, k on and k^ as well as 
5 for the dissociation constant, K^, could be determined only for a group of IL- 

4 variants with small alterations in gamex binding, as e.g. N15A. For a second 
group of IL-4 variants, i.e. L7A and 111 A, the k on could be experimentally 
analysed, but not the k Q ff. Because the K</ of these variants could be determined 
by Scatchard analysis (equilibrium binding), the k off could be still computed as 

10 K d * k on . The calculated dissociation rate constants k 0 j? for these IL-4 variants 

are 0,7 s" 1 (L7A) and 1,7 s" 1 (II 1A). For the third group of IL-4 variants, i.e. 
for Y124A and K 123 A neither k on nor k off could be directly measured. Only 
the dissociation constant could be determined for IL-4 variant Y124A and 
a lower limit could be given for the Kj of K123A. Based on the assumption 

15 that the association rate constants k on for Y124A and K123A are similar as 

those of the other variants and of IL-4, the dissociation rate constants k oj r can 
be estimated to be 7 s" 1 (Y124A) and >10 s* 1 (K123A). The corresponding half 
lifes ti/2 of the ternary complexes between the IL-4 variants, IL4-BP and 
gamex would be 1 s (L7A), 400 ms (111 A), 100 ms (Y124A) and <70 ms 
20 (K123A). 



The mutational analyses did not discriminate between structural and binding 
effects of an alanine substitution. The unaltered IL4-BP affinity as well as the 
similar behaviour during refolding and purification suggested that no gross 

25 structural perturbations had been produced in any of the IL-4 mutant proteins. 

Nevertheless, in two of the variants, namely L7A and K123A, the reduced af- 
finity for gamex probably originated from structural effects of the alanine 
substitution. The residue L7 exposes only 0,4 A 2 at the surface of the IL-4 
molecule. In all established structures of IL-4 residue L7 has been established 

30 as part of the hydrophobic core (see e.g. Muller et al., 1994a). The small ac- 

cessible surface of K 123 (12,5 A 2 ) is oriented away from the helix AD face of 
IL-4. Remarkably, substitution of L7 and K123 by the negatively charged as- 




partyl residue produced no major loss in affinity, in contrast to the positions of 
111 and Y124 ( and also those of N15, R121 and S125 ) were aspartate 
substitutions lead to a much higher loss in affinity than the alanine substitu- 
tions ( see Table 2). 

In the 3-dimensional structure of IL-4 the other probably functional binding 
determinants represent a contiguous patch clustered on the surfaces of helices 
D and A. Two of the main binding residues, namely Y 124 and II 1, have larae 
accessible surface areas of 27,2 and 17,3 A 2 , respectively. Residues N15 to- 
gether with K12 and surface residues on helix D (with the exception of Rl 15) 
form a semicircle of weaker binding determinants. The loss of binding free 
energy due to alanine substitution calculated as ddG = 1,36 log K/variant)/ 
was 2,6 kcal/mol (Y124A), 2 kcal/mol (111 A), and 1 kcal/mol 
(Nl 5 A) for the three main binding residues. 

The proposed y c binding epitope of EL-4 is largely hydrophobic. Even the po- 
sitions of R121, S125, and Y124 can be substituted by large hydrophobic side 
chains without great effect on gamex binding. IL-4 variants studied comprise 
R121W, R121L, Y124F, S125W, and S125I. 

Biological activity 

Remarkably, the loss in gamex binding affinity as compiled in Table 2, was not 
linearly related to the loss in biological activity during a T-cell proliferation as- 
say. This applies both for the alanine and the charge variants. Variants 
[K123A]IL-4 and [Y124AJIL-4, which were both dramatically impaired in 
gamex binding still produced 16% or 50%, respectively of the maximal bio- 
logical response of IL-4. The small loss in potency of [L7AJIL-4 was at the 
limit of detection. The variants NI5A, E114A, R121A, E122A, and S125A, 
which had noteabel defects in gamex binding, were unconspicuous when 
tested in the T-cell proliferation assay. With all alanine variants analysed the 
EC 50; the concentration resulting in halfmaximal response, was similar to the 
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EC 5 o = 120 pM of IL-4. The charge variants of IL-4 compiled in Table 2 
showed the same tendency as the alanine variants. An up to lOOfold reduced 
gamex binding affinity (see e.g. N15D and T118K) was correlated with a 
marginally decreased maximal proliferative response. Variants HID, R121D, 
and S125D exhibited a more than 300fold lower binding affinity and still pro- 
duced 1 5 to 20% of the maximal IL-4 response. IL-4 variant Y124D repre- 
sented a special case, since it exerted no measurable proliferative activity in T- 
cells, as has been described before (Kruse et al., 1992). 

The unaltered EL4-BP binding-affinity and EC 5 o values, the partial agonist ac- 
tivities of variants 111 A, K123A, and Y124A corresponded to their partial 
antagonist activities for T-cell proliferation. The maximal inhibition of IL-4 
stimulated T-cell proliferation was between 84% (K123A) and 35% (II 1 A). 

In conclusion, these results indicated that a more than 100-fold reduced bind- 
ing affinity of IL-4 for gamex still allows a pronounced biological activity 
during T-cell proliferation. The half-lives of ternary complex formed between 
EL4-BP, gamex and some of the investigated IL-4 variants were below Ua 
< 1 sec. Such short times seem to be sufficient for receptor activation. 

Interleukin 4, one of the small helical cytokines (for definition see Rozwarski et al., 
1994), activates its cognate receptor by a sequential binding of two different receptor 
chains (heterodimer formation). The functional epitope at site 1 of human IL-4 which 
binds the receptor a chain has been described before (Wang et al., 1997). Now site 2 
interacting with the common y c chain was characterised in functional and structural 
detail The interaction at site 2 of EL-4 was found to differ fundamentally from that at 
site 1. This applies (1) for the type of the functional binding residues of IL-4, (2) the 
affinity and specificity of the binding, and (3) the kinetics of the interaction. 

IL-4 site 2 is hydrophobic and permissive. Two hydrophobic residues (111, Y124) at 
site 2 of IL-4 represent the main determinants for y c binding. Large hydrophobic resi- 
dues substituted at positions of functional residues R121, Y124 and SI 25 dont lead to 
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a loss in y c binding. Accordingly, IL-4 site 2 tolerates different amino acid side chains 
as long as an overall hydrophobicity is retained. Such a permissive side chain usage 
probably reflects the promiscuous interaction of the complementary binding site on 
the y c chain with the corresponding site 2 of IL-2, IL-7, IL-9 and IL-15. The similari- 
5 ties of the IL-4 site 2 with the postulated y c binding site of IL-2 are conspicuous 
Rozwarski et al„ 1994, Miiller et al., 1994a). Possibly, the permissive side chain usage 
in site 2 is also related to the observation, that human IL-4 is able to functionally in- 
teract with murine y c . It probably can bind still another receptor protein, the IL-13Ral 
chain, which functions as a second chain (g') during IL-4/a chain signalling (Aman et 
10 al., 1996; Miloux et al., 1996; Gauchat et al., 1997). The IL-4 site 1 epitope for a 
chain binding, in contrast, is highly species-specific. It has been localised at helices A 
and C and found to be composed predominantly of polar or charged residues (Wang 
et al., 1997). 

1 5 "A hot spot of hydrophobic binding energy" in IL-4 site 7 The accumulated loss in 
free binding energy for all functional alanine variants in site 2, not counting L7A and 
K123A, amounts to' 10 kcal mol* 1 . The three main determinants togather, i.e. II 1, N15 
and Y124, acount for 5,6 kcal mol" 1 , i.e. more than half of the total value. The rest is 
equally distributed among seven other side chains predominantly at helix D. As a 

20 common theme, both in site 2 and site 1 of IL-4, the receptor binding affinity seems to 
be concentrated in a few key residues and some surrounding satellite side chains. 
However, the postulated binding increments of the individual functional side chains in 
site 2 of IL-4 were nearly an order of magnitude lower than those at site 1. This sup- 
ports the notion that the DL-4/y c interaction has a low affinity (see below). The site 1 

25 interaction in the related growth hormone receptor system also has been found to be 
concentrated in a few key side chains (K172, T175, F176, and R178) at helix D which 
can engage in hydrophobic interactions (Cunningham and Wells, 1993;). The sum of 
the reductions in free binding energies caused by alanine or glutamine substitutions at 
the growth hormone site 1, however was about 15 kcal mol' 1 as to expect for a high- 

30 affinity binding. 
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Relevance of the biosensor interaction analysis for the dimerisation of recep tor chains 
in the membrane . During the present biosensor experiments solute gamex , a soluble 
extracellular domain of y c , reacted with an immobilized IL-4/IL4-BP complex. This 3- 
dimensional situation has to be compared with a restricted 2-dimensional diffusion of 

5 complete receptor chains in the plane of the plasma membrane. The assembly of y c 
with the IL-4 loaded a chain in the membrane can be assessed only indirectly, as dis- 
cussed further below. From theoretical considerations it has been concluded that the 
preorientation of membrane proteins, i.e. a restricted rotational diffusion, can en- 
hance the probability of a productive collision and therefore the association rate con- 

1 0 stant by several orders of magnitude. The slower diffusion rates of proteins in the 
membrane compared to that in free solution, however, would reduce the association 
rate. Thus, it remains uncertain in how far the gamex association rate k„ a of 3 x 10 4 
M" 1 s' 1 determined during the biosensor studies deviates from the association rate in 
the membrane. 

15 

Anyhow, the dissociation rate constant k on for the decay of the ternary complex seems 
to be more important for y c binding than the k on , since after alanine or charged residue 
substitution at IL-4 site 2 predominantly the dissociation rate for gamex was accel- 
erated, wheras the the k on remained more or less the same in the presence of all ana- 
20 lysed variants. The dissociation rate constant in a first approximation is independent 
of the protein concentration and of diffusion rates. Thus, it may be concluded that 
dissociation of gamex from IL-4/IL4-BP at the biosensor has a similar rate constant 
as the dissociation of Yc from IL-4/a chain in the membrane. 



Ligand-affmitv conversion bv v. . In the IL-4 receptor system the affinity for gamex 
binding was determined to the most part by IL-4. The affinity of gamex for the 
■empty" IL4-BP was exceedingly low as deduced from the only 50fold difference in 
the affinity of gamex for IL-4 or the IL-4/IL4-BP complex, respectively. Such a weak 
interchain affinity is in accordance with the finding that the affinity of IL-4 for the 
receptor a chain in whole cells is increased only 3 to 5fold by the addition of the y c 
chain (see Sugamura et al., 1995). In other cytokine receptor systems, especially in 

I 



Le A 32 545 " , : 




the common 6 chain (B c ) family of receptors (see below), the increase in ligand af- 
finity due to the second chain was found to be larger, and this effect has been termed 
affinity conversion. .Affinity conversion due to conformational effects has not been 
disproven. It is obvious, however, that a substantial affinity conversion can occur 
when binding affinity between the second and the first receptor chain exists, in addi- 
tion to the affinity of the second chain for the cytokine ligand. In receptors of the y c 
family, as in the IL-7 and IL-9 receptors, affinity conversion is about 5 fold, similar as 
in the IL-4 receptor (see Sugamura et al., 1995). The affinity of the IL-2 receptor a/b 
chain complex for IL-2 is increased about lOfold after addition of the y c chain. Ac- 
cordingly, the y c chain has a very low ligand-independent affinity for the specific chain 
in all these receptors. For cytokines EL-3, IL-5, and GM-CSF, which use the common 
B chain (B c ) as second chain for signalling, no binding to B c could be measured up to 
now, probably since the high ligand concentration necessary for the binding at \xM 
dissociation constants had not been attained. A lOOOfold affinity conversion of the a 
chain was observed, however, for IL-3 in the presence of B c . The increase for GM- 
CSF was found to be 1 OOfold. A 3 to 5fold affinity conversion of the a chain was ob- 
served with IL-5. The latter increase is comparable to the IL-4 system. It appears 
possible, that different affinities of B c for the various a chains produce these different 
affinity conversions. 

Receptor signaling in the absence of a ligand . In principle, higher interchain affinities 
can be expected to increase the basal signaling activity of a receptor system in the 
absence of a ligand. A ligand specific activation via heterodimerisation requires only 
direct interactions between the cytokine ligand and the ectodomains of the first and 
second receptor chain. A basal receptor activity might be counterbalanced by a de- 
activation reaction, e.g. by a protein-phosphatase acting on a cytokine receptor. Such 
a dynamic situation might allow a more rapid adaptation to specific signalling re- 
quirements. 

The transmembrane signaling of the IL-4 receptor can be initiated by a short-term 
dimerisation of the a and y £ chains . The alanine substitutions of the functional residues 
in IL-4 site 2 have a remarkably little effect on biological activity. Even IL-4 variant 
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K123A, which shows the largest loss in gamex binding, still has a 16% partial agonist 
activity and an unchanged EC50 for T-cell proliferation. Because activated T-cells are 
quite insensitive to IL-4 (EC50 200 pM), the K123A variant probably would be un- 
conspicuous in the much more sensitive B-cell assay for CD23 induction (EC50 ca 10 
pM) (see Kruse et al., 1992). EL-4 Variant Y124A exhibiting a 80fold reduced gamex 
binding affinity retained 50% partial agonist activity in T-cells. This suggests that a 
short-lived IL-4-triggered contact between the ectodomains of the receptor a and y c 
chain with a half-life in the 100 ms range can initiate receptor transmembrane sig- 
naling. In line with this conclusion are the previous findings that the construction of a 
perfect antagonistic EL-4 variant required the incorporation of two aspartyl residues at 
site 2 (Tony et al., 1994). Apparently, it is not sufficient to introduce loss-of-binding, 
i.e. alanine substitutions at this site to abolish receptor activation. A mismatch which 
causes a repulsion between EL-4 and gamex appears to be necessary to prevent acti- 
vation (Muller et al., 1994a). It is interesting to note, that a mismatch at position 124 
in IL-4 variant Y124D has a large disruptive effect for the interaction with human y Cl 
whereas the disruptive effect is small for murine y c and IL-13Ral. The reverse is true 
for a mismatch at position 121 in variant R121D (Schnarr et al, 1997). Accordingly, 
these variants behave as selective agonists, which discriminate the different IL-4 re- 
ceptor systems. 

Short-lived low-affinitv interactions in transmembrane signaling . The physiological 
relevance of a short-term interaction with the y c chain remains uncertain. It could 
simply indicate that the heterodimerisation step is not rate-limiting for the transactiva- 
tion by Jak3 or other tyrosine kinases. It is probably worthwhile to consider the pos- 
sibility, however, that a serial engagement of y c with many ligand-occupied a chains 
could mean a gain in sensitivity, similar to the T-cell receptor (TCR) system. A few 
peptide-loaded MHC complexes by serial engagement can activate many TCR com- 
plexes ("high-sensitivity/low-affinity paradox"; see Valltutti et al., 1995). The two 
sites at the MHC I/peptide complex engage in low-affinity short-term interactions 
with TCR and CD8, respectively (Garcia et al., 1996). Furthermore, the MHC-medi- 
ated heterodimerisation of TCR and CDS seems to initiate specific lck-dependent sig- 



naling events in the receptor. Concerning the IL-2, -4, -7, -9,-15 receptor systems it 
is presently undetermined if the y c chain is present in stoichiometric amounts com- 
pared to the aora/b chains, or if y c might be limiting in certain cells at certain de- 
velopmental or differentiation stages. 

The low-affinity interaction observed with the recombinant soluble ectodomains 
seems to be at variance with the finding that y c can form quite stable aggregates with 
the IL-4 receptor a chain, as deduced from immunoprecipitation experiments in BaF3- 
derived cell lines, where y c has been recovered with the a chain by means of anti y c 
chain antibodies. Similarly, y c was originally isolated and identified by coprecipitation 
with the IL-2 receptor 13 chain (Takeshita et al., 1992). It can be visualized, however, 
that in the membrane the primary event after cytokine binding is the formation of a 
short-term low affinity heterodimer between the receptor chains. After some time the 
heterodimer may be stabilized (maturated), e.g. by the associating signaling proteins in 
the cytosolic domains (Jaks, STATs, phosphatases, etc.) or by other still unknown 
mechanisms which might involve the association of transmembrane segments, disul- 
fide-bridge formation between receptor chains, or the cytoskeleton. A receptor 
heterodimer maturation into a "functional super complex" has been invoked previ- 
ously (see Darnell et al., 1994) to account for the loss of high-affinity interferon a 
binding in cell lines with defective or deficient Tyk2 or Jakl. 

Preparation of receptor domains and IL-4 variants 

The [C182A,Q207C]IL4-BP variant was produced in SF9 cells, purified, and 
biotinylated at Cys207 as described (Shen et al., 1996). 

The extracellular domain of thej& chain (gamex) comprising amino acid residues 23 - 
254 (Takeshita et al., 1992) plus an N-terminal extension ADLGSRAMG was pro- 
duced in SF9 cells employing the pAcGP67B based Baculogold system (Pharmingen). 
The secreted protein was purified from a serum-free (Insect-Xpress medium, 
Bio*Whittaker) culture supernatant by means of the following chromatographic steps: 
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( 1 ) CM-Sepharose fast flow (Pharmacia) in 20 mM ammonium acetate, pH 5, and 
gradient elution between 0 and 1 M NaCl; 

(2) Chelating Sepharose fast flow (Pharmacia) loaded with Zn 2 " and conditioned 
in 0,1 M Na-acetate and 1 M NaCl, pH 4, equilibrated with phosphate- 
buffered saline (10 mM Na-phosphate, pH 7,4, 0,15 M NaCl), and eluted with 
a gradient between phosphate buffered saline plus 1 M NaCl and 0,1 M Na- 
acetate, ph 4 plus 1 M NaCl; 

(3) HPLC on Vydac C-4 in 0,1% trifluoroacetic acid, and eluted with 30 - 50% 
acetonitril in 0,1% trifluoroacetic acid; 

(4) Sephacryl 200 (Pharmacia) in phosphate-buffered saline. After exhaustive di- 
alysis against water the purified protein was freeze-dried and stored at 20°C. 

The IL-4 variants were expressed in E. coli, renatured and purified to homogeneity as 
described (Kruse et al., 1993). The cDNA of IL-4 was modified by cassette 
mutagenesis, integrating synthetic double-stranded DNA with the desired mutation 
between engineered single restriction sites of wild type IL-4 cDNA (Wang et al., 
1997). The variant IL-4/cys had the C-terminal extension GPLECH. 

Protein concentrations were determined by measuring the absorbancy at 278 nm, us- 
ing an extinction coefficient e 27 8 = 8 860 M" 1 cm' 1 for IL-4, and e 27g = 61 795 M" 1 cm" 1 
for gamex (Pace et al., 1995). 



Biosensor experiments 

.All experiments were carried out on a BIA2000 system (Pharmacia Biosensor) at 
25=C at a flow rate of 10 ul min 1 in HBS running buffer (10 mM Hepes, 
pH 7.4/150 mM NaCl/3.4 mM EDTA/0.005% surfactant P20) with a data collection 
rate of 2,5 s' 1 . 
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Two different protocolls were applied for attaching IL4-BP, respectively IL-4 to the 
bioosensor matrix: 



5 (1) A CMS biosensor chip was first loaded with streptavidin in flow cells 1 and 2. 

Subsequently biotinylated [C182A, Q207CJIL4-BP was immobilized at the 
streptavidin matrix (Shen et al., 1996) of flow cell 2 at a density of 50 to 1500 
resonance units (RU). 

10 (2) The variant EL-4/cys was immobilized in flow cell 2 by the thiol-disulfide ex- 
change coupling procedure (ligand thiol method) at a density of 150 to 300 
RU as detailed in the BIAapplications handbook (Pharmacia Biosensor AB, 
1994). 



15 Throughout the experiments employing immobilized IL4-BP, the following reaction 
cycle was applied using the commands COINJECT and QUICKINJECT and a se- 
quential perfusion of flow cells 1 and 2: 



20 



(1 ) Perfusion with 0,2 \iM EL-4 or IL-4 variant for 2 min; 

(2) Perfusion with 0,2 |iM EL-4 or EL-4 variant plus gamex at the indicated con- 
centrations for 2 min; 



(3) Perfusion with buffer alone for 5 min; 

25 

(4) Regeneration of free immobilized IL4-BP by a wash with 0,1 M acetic acid 
plus 1 MNaClfor30 s. 

The differential sensogram between the recordings from flow cells 2 (plus IL4-BP) 
30 and flow cell 1 (minus IL4-BP) was generated and evaluated for the kinetic and equi- 
librium constants (BIAevaluation 2.1 software). The constants for the rate of asso- 
ciation k on were calculated by the A + B = .AB model and the type 2 or 3 fitting rou- 
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tine usina ,he time period of .he association phase where In dRU/dt was linear. The 
dissociation rate constants ^were eva.uated from the firs, ha.f-.ife-.ime of the d,s- 
sociation phase where the decay was exponential. The small dissociation of IL-4 pro- 
tein during tha, period was subtracted. The dissociation constant Kd was evaluated 
< from the concentration dependence of the equilibrium binding, or calculated K, - 
k , #/ k ,„ . The mean standard error was .7% + l- 10% for the k„ values and 21% M- 
13% for the values. 

Two types of experiments were performed with immobilized IL-4 . 

10 

Tprnarv com ply with gamex 

A protocoll Similar to that described above for immobilized IL4-BP was applied but 
0,5uM IL4-BP was added during steps 1 and 2 instead of IL-4. 

15 binary comp '^ with gamex 

The following reaction cycle was applied using the commands KINJECT and 

QUICKINJECT: 

( 1 ) Perfusion with the indicated concentrations of gamex for 2 min; 
Perfusion with buffer alone for 5 min; 

Regeneration of unliganded immobilized IL-4 by a wash with 0,1 M acet.c 
acid plus 1 M NaCl for 30 s. 

Il£e]!j3mH ^ was measured by [B-HJthymidine incorporation into PHA blasts 
after a 3-day incubation w,,h IL-4 or 1-4 variants a, 12 2-fold dilutions (Kruse e, a .. 
199 ,) Inhibition of IL-4 dependent T-ce„ proliferation was determined ,n the 
presence of 2 nM IL-4 and 12 2-fold diluuons of potential antagonist The da.a were 
fitted by means of the Graf,. (Eri.hacus sofhvare)program. 
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Table 1. Rate constants for the association (kJ) and dissociation (k n fr) of gamex and a 
1:1 complex between IL4-BP and IL-4 alanine variants . Sensograms were evaluated 
as detailed under Methods. ND means that a sensogram could not be evaluated due to 
low gamex binding. 

Alanine k on x\0' 4 k on (mu\)/ k oS x\0 £ off (mut)/ K^ off //r on ) K^mut)/ 
variants M^s' 1 MIL-4) s" 1 /r off <IL-4) |iM K^IL-4) 



ISA 


3,8 


1,2 


1,2 


1,2 


3,2 


0,9 


T6A 


j, j 


1,0 


1,00 


0,9 


3,1 


0,9 


L7A 


2,3 


0,7 


>5 


>4,7 


>22 


>7 


Q8A 


2,9 


0,9 


1,2 


1,2 


4,2 


1,2 


11 1 A 


2,1 


0,7 


>8 


>7,1 


>36 


>11 


K12S 


1,7 


0,5 


1,5 


1,4 


8,9 


2,6 


T13A 


2,9 


0,9 


1,0 


1,0 


3,5 


1,0 


N15A 


2,6 


0,8 


4,5 


4,2 


17 


5,0 


S16A 


3,5 


1,1 


1,1 


1,1 


3,2 


0,9 


E19A 


3,1 


1,0 


0,9 


0,9 




0,9 


E114A 


2,1 


0,7 


U 


1,6 


7,9 


2,3 


R115A 


3,0 


0,9 


1,0 


1,0 


3,5 


1,0 


K117A 


2,8 


0,9 


1,7 


1,6 


6 


1,8 


T118A 


2,7 


0,9 


1,9 


1,8 


6,9 


2,0 


R121A 


3,5 


1,1 


3,5 




9,9 


2,9 


El 22 A 


3,1 


1,0 


2,5 


2,4 


8 


2,4 


K123A 


ND 




ND 




ND 


ND 


Y124A 


ND 




>10 




ND 


ND 


SI 25 A 


2,8 


0,9 


2,3 


2,2 


8,2 


2,4 



IL-4 3,2 1,0 1,1 1,0 



T.hl, 7 TL-4 vari^t. are more s e ^lv effected in aamex-hinding than in biological 
activity. The dissociations constants K„ were evaluated from equilibrium binding of 
IL-4 variants to immobilized IL4-BP. The mammal response Rmax elicited by IL-4 
variants during T-cell proliferation was related to the maximal response produced by 
IL-4. The ECso values were 120 +/- 35 pM for all variants 



Alanine 
variants 



Equilibrium bind- 
ing 



uM 



Krf(mut)/ 
K^IL-4) 



T-cell 
proliferation 

Rmax(IL-4)/ 
Rmax(var) 



Charge 
variants 



Equilibrium binding 



uM 



K^mut)/ 
K^IL-4) 



T-ceil 
proliferation 

Rmax(LL-4)/ 



Rmax(var) 



I5A 


4-1 


1-5 












T6A 




1,2 












L7A 


31 


11 


1-3 


L7D 


3,3 




1.0 




4.1 


1-5 




Q8R 


13 


4.0 




I11A 


79 


28 


1:5 


HID 


>300 


>100 


6.0 


K12S 


7.1 


2.5 












T13A 


34 


1,1 










1.2 


N15A 


15 


5,4 


1,2 


N15D 


70 




S16A 


2.9 


1,0 












E19A 


2,2 


0.8 












E114A 


11 


3,8 


1.1 


E114R 


12 


4.0 


1.2 


R115A 


2.5 


0,9 




R115D 


1.5 


0.5 




K117A 


5,6 


2,0 


1.1 


K117D 


4,0 


1.4 




T118A 


8 


2,9 


1.1 


T118K 


100 


36 


14 


R121A 






1.1 


R121D 


>300 


>100 


5.3 


9.3 


3.3 












9.2 






E122R 


11 


3.9 


1.5 


E122A 


3.3 








14 


K123A 


>300 


>100 


6.3 


K123D 


7.0 


2.5 


Y124A 


220 


78 


2.0 


Y124D 


>300 


>100 


>100 


S125A 


7.7 


2.8 


1.0 


S125D 


>300 


>100 


5.4 
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4. 

15 5. 

6. 
7. 

20 

8. 



hIL-4 muteins having a reduced affinity and/or an altered specificity to the y 
subunit of the IL-4 receptor and/or HIL-13 R a subunit of the hIL-4 receptor. 

The hIL-4 mutein according to claim 1 having a replacement of a natural oc- 
curring aminoacid in the A-helix of hIL-4 by another aminoacid. 

The hIL-4 mutein according to claim 2 having a replacement in one or more of 
positions 11, 15, 12 and 7. 

hIL-4 muteins according to any of claims 1 to 3 having additional replacement 
in one or more of positions 121, 123, 124 and 125. 

A DNA coding for a mutein according to anyone of the claims 1 to 4. 

A vector comprising the DNA according to claim 5. 

A microorganism comprising the vector according to claim 6. 

A method of making a mutein according to anyone of claim 1 to 4, wherein 
the microorganism of claim 7 is cultivated and the mutein is isolated from the 
culture. 
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M..t>in. nf interlen^n 4 lowing low- affinitv and s hort-term interaction with 
the common v chain 



Abstract 



Human IL-4 (IL-4), one of the small' 4-helix-bundle cytokines, uses the specific IL-4 
receptor a chain together with a promiscuous subunit, the common y chain (y c ) for 
transmembrane signaling. The ligand-bindmg properties of y c , which are presently 
poorly understood, were analysed by biosensor techniques employing recombinant 
ectodomains gamex (y c ) and IL4-BP (a) of the receptor chains. The formation and 
decay of a ternary complex between solute gamex and IL-4 liganded IL4-BP could be 
established to exhibit a low affinity (K, = 3uM) as well as a short half life t w = 7s. 
This binding affinity resulted to the major part from the interaction of gamex with IL- 
4 and not from a direct contact of IL4-BP and gamex, since the binary complex be- 
tween solute gamex and immobilized IL-4 showed an only 50fold greater K d of 150 
uM The IL-4 residues involved in gamex binding were identified by means of an 
alarune-scanning mutational approach. A functional gamex binding IL-4 epitope ,s 
proposed comprising II 1, N15. and Y124 as major determinants. Even IL-4 variants 
which b.nd eamex 300fold weaker than IL-4 with a dissociation half life t„ of less 
than is retained a substantial T-cell proliferative activity. These findings suggest that 
low affinity y c binding and short half lives of the heterodimeric a/y c receptor complex 
are sufficient for initiating IL-4 dependent signal transduction. 



